Objectives To characterize the morphology and imaging findings of femoral head subchondral insufficiency fractures (SIF), and to investigate clinical outcomes in relation to imaging findings. Methods Fifty-one patients with hip/pelvis magnetic resonance (MR) images and typical SIF characteristics were identified and reviewed by two radiologists. Thirty-five patients had follow-up documentation allowing assessment of clinical outcome. Subgroup comparisons were performed using regression models adjusted for age and body mass index. Results SIF were frequently associated with cartilage loss (35/ 47, 74.5 %), effusion (33/42, 78.6 %), synovitis (29/44, 66 %), and bone marrow oedema pattern (BMEP) (average crosssectional area 885.7±730.2 mm 2 ). Total hip arthroplasty (THA) was required in 16/35 patients, at an average of 6 months post-MRI. Compared to the THA cohort, the non-THA group had significantly (p<0.05) smaller overlying cartilage defect size (10 mm vs. 29 mm), smaller band length ratio and fracture diameters, and greater incidence of parallel fracture morphology (p<0.05). Male gender and increased age were significantly associated with progression, p<0.05.
Introduction
Subchondral insufficiency fractures of the femoral head (SIF) were first described in 1996 by Bangil et al. who used magnetic resonance (MR) imaging and bone scintigraphy to confirm the diagnosis [1] . Previously thought to be a disease predominantly affecting elderly patients, SIF have since been reported in adults of varying ages and activity levels [2] [3] [4] . Though subchondral fractures do not necessarily comprise a separate disease process, SIF have been identified as a separate entity from osteonecrosis and trauma-related subchondral fractures through histopathologic evaluation [5, 6] . Several authors have also proposed a distinction in the natural history for these lesions [7, 8] . With improvements in MR imaging quality over the last 20 years, multiple studies have allowed radiologists to characterize precise imaging characteristics of this type of fracture, including a discrete low-intensity band on T1-weighted imaging that corresponds to the associated fracture and repair tissue [5, 9, 10] . The imaging characteristics setting this pathology apart from osteonecrosis of the femoral head are quite subtle but have been well described in the literature and include differences in fracture morphology, with parallel or serpiginous fracture lines being more characteristic of SIF [11] [12] [13] .
Though the diagnostic criteria for SIF can be subtle, there may be significant implications for both prognosis and longterm management that highlight the need for diagnostic accuracy. In contrast to subchondral fractures that occur in the setting of femoral head osteonecrosis, SIF have occasionally been shown to resolve with a period of rest and limited weight-bearing [1, 14, 15] . On the other hand, several cases in the literature have shown rapid progression to advanced collapse, necessitating a total hip arthroplasty (THA) [16] [17] [18] . Despite this discrepancy in prognosis among those with SIF, little information exists to date that establishes firm criteria linked to progression of these fractures to advanced collapse, though this information would be critical for treatment decisions. Characteristics such as fracture length and band length ratio (defined as the ratio of the fracture line diameter to the entire weight-bearing portion of the femoral head) have been shown in previous studies to be associated with radiographic progression, as has patient age at the time of diagnosis [19, 20] . But to date studies focusing on SIF have been limited by small sample sizes.
We hypothesized that imaging characteristics representing worsened fracture severity would be predictive of SIF clinical progression. The purpose of our study was to characterize the morphology and imaging findings of SIF, and to investigate clinical outcomes in relation to these imaging findings.
Materials and methods

Study population
This study was approved by our institutional review board and was compliant with the Health Insurance Portability and Accountability Act. Informed consent was waived because of the study's retrospective design. A search of the picture archiving and communications (PACS) databases was conducted for hip/pelvis MR images performed between January 2000 and July 2014. The terms Binsufficiency fracture^, Bstress fracture", and Bavascular necrosis^were used and 436 patients were identified. Patients with fractures in other locations or with obvious avascular necrosis were excluded. Patients originally misclassified as having avascular necrosis who upon review were found to have SIF were ultimately included. Two patients less than 18 years old were excluded to avoid skeletal immaturity as a confounding factor. Eventually 51 patients with an imaging diagnosis of SIF were identified (Fig. 1) . The diagnosis was based on a low-signal-intensity band along the subchondral femoral head with associated bone marrow oedema pattern (BMEP), a criterion which has previously been published [9] [10] [11] (Fig. 2) . Two boardcertified musculoskeletal radiologists (16 and 22 years of experience, respectively) confirmed the diagnosis in all cases.
The electronic medical record was reviewed to determine the clinical course. Twelve patients for whom no follow-up was documented were included in the non-follow-up group, as were four patients in the non-progression group who had less than 6 months of follow-up after initial MR examination. The remaining 35 patients were included for analysis in the progression arm. Records were reviewed to determine whether patients required THA within the follow-up period. Clinical variables such as medical comorbidities, vitamin D level, dual X-ray absorptiometry (DXA) bone mineral density (BMD), and whether patients underwent temporary weight-bearing limitation were also collected (Table 1) .
Image acquisition/analysis
All subjects underwent hip/pelvis MR examination at 3 or 1.5 Tesla (GE Healthcare, Milwaukee, WI). The following sequences were analysed: (1) coronal T1-weighted (-w) fast spin echo (FSE) (echo time [TE]/repetition time [TR]/echo train length/section thickness=5-15 ms/500-1000 ms/3/4 mm), Fig. 1 Flow sheet demonstrating patient selection into follow-up and non-follow-up arms (2) coronal short tau inversion recovery (STIR) (TE/TR/inversion time/flip angle/echo train length/thickness=50-60 ms/ 3000-9000 ms/150-170 ms/90°/13-18/4 mm), (3) sagittal proton density-w FSE (TE/TR/echo train length/thickness= 20-30 ms/1500-4000 ms/8-9/4 mm), (4) sagittal T2-w fatsaturated FSE (TE/TR/echo train length/thickness = 50-70 ms/2000-4000 ms/8-16/4 mm), (5) sagittal T1-w FSE (TE/TR/echo train length/section thickness=5-15 ms/500-1000 ms/3/4 mm), and (6) axial T1-w FSE (TE/TR/echo train length/thickness=5-15 ms/500-1000 ms/3/4 mm).
Images were independently graded on PACS workstations (Agfa, Ridgefield Park, NJ) by a board-certified musculoskeletal radiologist and a radiology resident (16 and 2 years experience, respectively), and consensus agreements were used. In cases of disagreement, a third board-certified musculoskeletal radiologist (22 years of experience) was consulted.
Anterior-posterior pelvis and frog-leg lateral radiographs were available for 46 patients. Radiographic variables that were analysed included joint space narrowing (JSN), osteophyte formation, and fracture deformity ( Table 2) . Osteophytes were graded as mild, moderate, or severe on the basis of the largest measurable diameter (less than 1 mm, 1-3 mm, or greater than 3 mm, respectively). JSN was similarly graded as mild, moderate, or severe (3-2 mm, 1-2 mm, or less than 1 mm joint space width, respectively). Fracture deformity was defined as loss of femoral head sphericity. An additional component of our outcomes analysis involved classification of baseline and follow-up radiographs based on Kellgren-Lawrence (KL) grade and Osteoarthritis Research Society International (OARSI) JSN scores. Baseline and follow-up radiographs were graded as KL 0-no radiographic features of OA, 1-doubtful JSN, 2-definite osteophytes and possible JSN, 3-multiple osteophytes, definite JSN and sclerosis, and 4-large osteophytes, marked JSN, severe sclerosis and deformity [21] . Each radiograph was similarly graded on the basis of the OARSI JSN classification as none, mild, moderate, or severe (0-3, respectively) [22, 23] . Progression in either KL or OARSI score was defined as any increase from baseline value.
MR characteristics that were assessed included BMEP cross-sectional area, fracture diameter (coronal and sagittal) and morphology, as well as morphological findings such as muscle atrophy, effusion, and synovitis (Table 3) . Fracture location was characterized by dividing the femoral head into nine sub-regions as demonstrated in Fig. 3 . BMEP crosssectional area was determined by measuring the maximum oedema pattern in two orthogonal planes on the coronal image.
Band length ratio, previously described by Iwasaki et al., was determined by calculating the ratio of the coronal fracture diameter to the diameter of the weight-bearing portion of the femoral head (Fig. 4) [19] . Fracture line morphology was characterized as parallel to the joint surface, convex, or serpiginous (Fig. 5 ). Effusion was defined as increased synovial fluid causing capsular distension, and it was graded as mild or severe (less than or more than 0.7 cm distension, respectively) [24] . Muscle atrophy was graded as none, mild, or severe according to Goutallier's classification (Grade 0, Grade 1/2, and Grade 3/4, respectively) [25] . Synovitis was defined as synovial thickening with effusion and synovial bands/ debris.
After interpretations of initial MR images were performed, subsequent images were reviewed. These images were included for descriptive purposes only.
Statistical analysis
Statistical analyses were performed using Stata/IC Version 13 (StataCorp, College Station, TX). Differences in age and body mass index (BMI) between subjects in the progression and non-progression groups were assessed using linear regression models. Logistic regression models adjusted for age and BMI were used to assess the association between predictor variables and progression to THA (outcome). Fracture diameter groups were additionally compared regarding outcome using a chi-squared analysis. To evaluate inter-reader reproducibility, intraclass correlations (ICCs) were calculated for quantitative variables for a subset of ten randomly selected patients.
In order to validate the use of Bprogression to THA^as an outcome measure, a sub-analysis was included for both BKL progression^and BOARSI JSN progression^. For both subanalyses, the outcome groups (progression and nonprogression) were compared using Student's t tests for the variables band length ratio, coronal/sagittal fracture diameter, and cartilage defect size. Statistical significance in all analyses was defined as p<0.05. Data concerning medical comorbidities was available for 46/51 patients. Four patients (8.7 %) had a history of chronic steroid use, and an equal number had a history of radiation therapy. Three patients (6.5 %) had a history of organ transplant. Vitamin D level was generally low-normal (20±16 ng/ mL, normal range 20-50 ng/mL). Femoral neck BMD T scores, which were available for 17/51 patients, were normal (T score at least −1) in 5/17 (29.4 %), osteopenic (T score less than −1 or greater than −2.5) in 10/17 (58.8 %), and osteoporotic (−2.5 or less) in 2/17 (11.8 %).
Baseline radiographic findings
Radiographic and MR characteristics of the entire study population are provided in Tables 2 and 3 , respectively. Radiographic Fig. 3 Classification scheme for location of femoral head insufficiency fracture, as seen from an anteromedial view of the femoral head. Notably, more than one third (38.5 %) of fractures in this study were located in the anteromedial or direct anterior subregions. Bright red >15 % of fractures, dark pink 10-15 % of fractures, light pink <10 % of fractures Fig. 4 Method for obtaining band length ratio as described by Iwasaki et al. [19] . A line through the femoral head connecting the lateral edge of the acetabulum to the inferior aspect of the teardrop is drawn, and the weight-bearing portion of the femoral head is defined as the femoral head surface in between the lateral-most aspect of this line, and a perpendicular bisector through the middle of this line. The band length ratio is defined as the ratio of the length of the fracture line at its maximal extent on a coronal image (green band) to the weight-bearing portion of the femoral head (red band). A acetabulum, F femoral head findings included JSN in 54.5 % (24/44) and osteophytes in 59.5 % (25/42) of the patients. Twelve of 46 patients (26.1 %) had fracture deformity visualized on initial radiographs.
Baseline MR findings
Roughly two-thirds (64.7 %, 33/51) of fractures were located within the anterior or central portions of the femoral head (Fig. 3) ; only 21.1 % (11/51) were in the posterior portion of the femoral head. Fracture line diameter was found to measure 23±10 mm on coronal images and 23±11 mm on sagittal images.
Nearly half of fractures were classified as parallel to the joint surface (46 %, 23/50). Extensive BMEP was found in 86.3 % (44/51) with an average cross-sectional area of 885.7± 730.2 mm 2 , and roughly 37 % (19/51) of patients had a BMEP cross-sectional area greater than 1000 mm 2 (Fig. 2b) . Fractures comprised the majority of the weight-bearing portion of the femoral head with an average band length ratio of 0.617± 0.264 (Fig. 6a) . The majority of patients (35/47, 74.5 %) had some associated cartilage defect, which averaged 16±14 mm in size (Fig. 6b) . Labrum (40 %, 20/50) and ligamentum teres (18.4 %, 9/49) tears were relatively infrequent findings, while greater trochanter insertion tendinopathy was present in the majority (76.5 %, 39/51). Findings of surrounding muscle oedema (60.5 %, 26/43), muscle atrophy (56.2 %, 27/48), synovitis (66 %, 29/44), and effusion (78.6 %, 33/42) were also relatively common.
The absolute agreement intraclass correlation coefficients for inter-reader measurement were 0.987 ( 
Imaging in relation to clinical outcome
In the 35 patients with clinical follow-up, size of the cartilage defect overlying the SIF was found to be significantly associated with progression to THA. Average cartilage defect size in the non-arthroplasty group was 10±10 mm, compared to 29±12 mm in the arthroplasty group, p<0.001. This relationship still reached significance when controlling for age and BMI (p=0.007). Every 1-mm increase in cartilage defect size resulted in an increased risk of progression to THA of 17.7 % (95 % CI 4.6, 32.4) ( Table 3) . Interestingly, of the ten patients who had a cartilage defect size less than 10 mm, 10 % progressed to THA (average follow-up 29.7 months), compared to 73.3 % (11/15) of those patients with cartilage defects larger than 20 mm in size (average follow-up 23.2 months). Band length ratio was found to be significantly (p=0.046) higher in the arthroplasty group (0.782±0.321) compared to the non-arthroplasty group (0.550±0.160) ( Table 3) . Similarly, coronal fracture line diameter was found to vary significantly (p=0.037) between the arthroplasty (29±12 mm) and non-arthroplasty (20±6 mm) groups, as was sagittal fracture line diameter (29±10 mm vs. 21±8 mm, respectively, p= 0.044). An analysis performed on high and low lesion size groups showed that large coronal fracture diameter (greater than 30 mm) had a significantly increased progression risk compared to the low fracture diameter (less than 20 mm) group (OR 10.0, 95 % CI 1.44, 69.26). An analysis performed for high (greater than 30 mm) and low (less than 20 mm) sagittal fracture diameter groups yielded similar results, with the high diameter group having significantly higher progression risk (OR 15.75, 95 % CI 1.75, 141.40). Fracture morphology also had a significant association (p=0.045) with clinical prognosis, with a parallel morphology more frequently found in the non-progression group.
Radiographic findings such as JSN, osteophyte formation, and radiographic osteopenia were not found to be significantly associated with progression to THA in the study population. However, presence of radiographic fracture deformity was found to be significantly associated with progression to THA (p=0.041) ( Table 2) .
To validate the use of THA as an outcome measure, subanalyses involving both KL grade and OARSI JSN scores in defining progression were also performed for band length ratio, coronal and sagittal fracture diameter, and chondral defect size. The results of these sub-analyses were found to correspond appropriately with our main outcomes analysis and are presented in Table 4 .
Consideration of clinical predictors
Assessment of the relationship of clinical and demographic variables with regards to progression to THA was also performed, and the results are provided in Table 1 . Male gender was significantly associated with progression to THA (p= 0.020). Patients in the progression group were also found to be significantly older than patients in the non-progression group (67±11 years vs. 56±18 years, p=0.043). Other clinical parameters such as BMI, BMD/T score of the hip region, vitamin D level, or presence of osteoporosis did not show significant association with progression to THA. Limitation of weightbearing as therapeutic management seemed to limit progression of SIF, with only 2/6 patients (33.3 %) ultimately requiring THA. However, because of the small sample size, this association did not reach statistical significance.
Progression
A summary of follow-up findings from nine conservatively managed patients is provided in Table 5 . Nearly half of these patients had documented improvement of their fracture as assessed on subsequent imaging studies, with improvement of BMEP, resolution of the subchondral fracture line, and, in one case, restoration of femoral head sphericity (Fig. 7) . The most common signs of progression included worsening cystic changes and, in one case, visualized progression of cartilage loss with progressive radiographic collapse (Fig. 6) .
Discussion
SIF is a relatively new entity with increasing clinical significance, and our study demonstrated morphological imaging abnormalities of SIF as well as criteria associated with increased progression risk. Radiographic fracture deformity and irregular fracture morphology on MR imaging with greater fracture length and cartilage defect size were typically seen with clinical progression of SIF, as were demographic characteristics such as male gender and increased age. To the best of our knowledge this study is the largest to examine both imaging and clinical characteristics of SIF and to determine risk factors for progression. Our study demonstrates that cartilage defect size is associated with clinical SIF progression. SIF has previously been linked with osteoarthritis development [26] . Niimi et al. suggested that SIF formation is a typical event in the development of rapidly destructive hip osteoarthritis, with biological responses to SIF triggering rapid cartilage breakdown. A similar study confirmed SIF histologically in 11 patients who had experienced rapid JSN of the affected hip over the course of 9 months [16] . Our study confirms these associations between rapidly progressive hip OA and SIF, by demonstrating the relationship between SIF progression and chondral defect size, and by showing the frequent co-occurrence of SIF with radiographic findings of degenerative joint disease in a majority of patients.
Another finding concerns the association of fracture morphology and radiographic deformity with SIF progression. Other studies have investigated potential interpretations of different SIF fracture morphologies [12, 27] . Our study is the first to our knowledge that investigates the influence of fracture morphology on SIF progression, demonstrating that fractures parallel to the joint surface have significantly less progression. This may be attributable to the minimal disruption of the femoral head structural composition associated with parallel fracture morphology. Our study also demonstrated a significant relationship between radiographic deformity and progression. Loss of femoral head sphericity represents increased collapse and instability, and it is not surprising that more destabilized fracture surfaces have higher progression rates. Interestingly, our study did not show a relationship between femoral head BMEP and progression risk. Past studies have suggested that BMEP on MR images can provide insight into the transient nature of some femoral head lesions, and resolution of BMEP over time suggests a reversible lesion [28] . Though our results support the diagnostic utility of BMEP with regards to SIF, they also reiterate BMEP as a non-specific process reflective of a bone marrow stress response and an insignificant predictor of clinical progression.
Our study demonstrated a significant association between coronal fracture diameter and band length ratio with progression risk, confirming results from Iwasaki et al., and also showed that sagittal fracture diameter was significantly associated with progression [19] . Sagittal fracture diameter, which like coronal diameter reflects the extent of injury to the subchondral femoral head surface, should likewise contribute similarly to the stability of this weight-bearing region. Previously published literature had failed to demonstrate this relationship between sagittal fracture diameter/morphology and SIF prognosis, and therefore we feel that our study provides a more through picture of morphologic risk factors for SIF progression. Additionally, by adjusting for age and BMI in a regression model, our study demonstrates that these associations are not purely related to body size variability of SIF patients.
Our study demonstrates a significant relationship between gender and progression, with female patients being less likely to require THA. This disputes a previous study which demonstrated a greater tendency for women with SIF to progress [29] . The basis for this discrepancy is unclear, but may also be related to our multivariate regression model controlling for age and BMI, in addition to small sample sizes in both studies. This study's finding that age and progression risk are significantly associated is not surprising, and it may be confounded by our definition of progression, as older individuals are more likely to be offered THA than a younger cohort. Alternatively, this finding may be a surrogate for more advanced degeneration or longer symptom duration. In our study, patients treated with a period of weightbearing limitation at the time of diagnosis had lower rates of SIF progression to THA. This suggests that, in contrast to the natural history of femoral head osteonecrosis, a period of weight-bearing limitation may help to prevent, or slow, SIF progression. Because of a small sample size, our study was not sufficiently powered to detect a difference in progression risk between the weight-bearing and non-weight-bearing groups. Future multi-centre studies may shed light on this new finding of the potential important role of conservative management options in SIF treatment.
Our study has several limitations. The study is limited by its retrospective design and the relatively small number of patients with clinical follow-up. Because our method of patient selection involved a retrospective PACS search, not all patients included in our study had documented clinical or imaging follow-up, presumably because they had undergone follow-up at other institutions or had not sought follow-up at all. Thus, our selected patients had varying degrees of followup documentation, and those with limited follow-up may have resulted in underestimation of SIF progression. To limit the potential for such patients to confound our results, we only included patients with limited follow-up (less than 6 months of follow-up in the Bnon-progression^group) in the descriptive arm of our study. Despite these strict inclusion criteria, to the best of our knowledge this is the largest study to be published.
We also acknowledge our definition of progression as a limitation, due to variability in indications for THA among this population. However, the use of this definition of progression has the benefit of being easily defined and confirmed, and it is generally quite indicative of disease severity; this definition has been used in previous literature in large multi-centre trials as a marker for degenerative joint disease progression [4, 20, [29] [30] [31] . To further validate the use of this definition of progression, we compared our results of this analysis with those using radiographic definitions of progression, and these have confirmed our significant findings regarding the imaging characteristics associated with worse prognosis.
In conclusion, while nearly half of SIF patients can be treated conservatively; those with larger cartilage defect size, irregular fracture orientation/deformity, or increased band length ratio/fracture diameter have significantly higher rates of progression to THA, as do male and elderly patients. Findings from this study provide pertinent information on the prognosis of patients with SIF and may prove useful in developing an optimal treatment protocol for SIF patients.
